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Abstract 
In the present study, the effects of competitive interactions of submersed plants with different life forms were investigated on
phosphorus concentrations in water. Hydrilla verticillata and Vallisneria natans were planted either as single-species 
monocultures or in a mixed-species pattern. Phosphorus concentrations were lower in the mixed culture of H. verticillata and V. 
natans than in either monospecific culture. Total phosphorus (TP) concentration, on average, was 0.12 mg l-1 in the mixture and 
0.17 mg l-1 and 0.16 mg l-1 for the V. natans and H. verticillata monocultures, respectively. However, no significant differences 
were found for total soluble phosphorus (TSP) or soluble reactive phosphorus (SRP) concentrations (p>0.05). Thus, competitive 
interactions between submersed plants of H. verticillata and V. natans can decrease the total phosphorus concentration in water, 
but do not change the concentration of TSP and SRP. 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Competition in submersed vegetation is a common phenomenon in nature. When two or more species occupy the 
same habitat and attempt to simultaneously use the same resources, competition occurs. Plant competition has been 
recognized as one of the most important factors for determining species distribution in aquatic plant communities, as 
it can alter many aspects of the structure and function of lake ecosystems, including the trophic status and nutrient 
cycling[1, 2]. For example, water phosphorus concentration was lower in mixture mesocosms than in monoculture 
mesocosms and the ability to remove phosphorus increased as species richness increased in mixture mesocosms[3].  
Competitive interactions between submersed plant species are now recognized to exert profound effects on the 
aquatic ecosystems and are very important in ecosystem structure and function, especially regarding phosphorus 
cycles. A great deal of research has investigated the environmental conditions that affect these interactions. For 
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instance, as the water in Lake Veluwemeer in the Netherlands cleared because of decreased nutrient loading, the 
dominant hydrophyte changed from Potamogeton pectinatus to Chara spp.[4]. In nutrient rich conditions, Hydrilla 
verticillata was a stronger competitor relative to Vallisneria americana, while under the nutrient limiting conditions, 
the competitive advantage over V. americana was lost and V. americana became the dominant species[5]. Similar 
observations have been made elsewhere with respect to changes in fertility[6]. An explicit simulation model has 
been developed to predict alternative equilibrium states of hydrophyte communities under various environmental 
conditions [7].  
Competitive interactions between submersed plant species have very strong feedback impacts on the aquatic 
environment. Competition between plants with dissimilar growth forms may have a more profound effect on aquatic 
ecosystems[8-10]. However, few studies have been carried out that directly examine the effect of competition 
interactions on phosphorus concentrations in water[11]. Additional experiments are needed that examine the effects 
of competitive interactions of aquatic plant species on the phosphorus concentration of water.  
In the present study, two submersed aquatic plant species, Hydrilla verticillata and Vallisneria natans, were
selected to investigate the effects of competitive interactions on water phosphorus content. These two species have 
quite different life forms and represent the dominant species in most natural aquatic ecosystems. They are also the 
most commonly used species for restoration of eutrophic shallow lakes in China.  
H. verticillata, a rooted submersed species, is widely distributed in China, has strong adaptability, grows rapidly, 
and reproduces in many ways[12]. It often develops a dense mat, or canopy, at the water surface, eliminating almost 
all sunlight penetration and decreasing CO2 compensation points. It has a C4-type photosynthetic mechanism that 
results in lowered photorespiration, and produces enormous quantities of various types of vegetative propagules 
including stem fragments, axillary turions, and tubers (=subterranean turions). At the same time, the root system of 
the plant is relatively less developed and it sometimes will absorb significant amounts of nutrients directly from the 
surrounding water. With these many adaptations, it is capable of outcompeting many other submersed species[13].  
In contrast, V. natans, a perennial submersed clonal plant with a wide geographical range, can be found in many 
different freshwater habitats in China. This plant is also highly adaptable, producing a basal rosette of leaves which 
elongates up to the surface, but which does not form a canopy. Therefore, it depends more on light availability near 
the sediment for growth and survival. The root system of this plant is made up of adventitious roots without lateral 
roots and is relatively well developed. The vegetation is widely distributed in the natural aquatic ecotage and this 
plant is extensively used in shallow lake ecological restoration in China[14,15].   
In the present study, H. verticillata and V. natans were grown either as single species monocultures or as mixed 
species plantings to test the following hypothesis: competitive interactions of submersed plant species with 
dissimilar growth forms may decrease water phosphorus concentrations to a greater extent when grown in mixed 
culture than when either single species is grown in monoculture. 
2. Experimental 
2.1. Plant materials 
H. verticillata and V. natans collected from Xihu lake in Huizhou, Guangdong province in South China were pre-
incubated at our laboratory at Jinan University for about 5 months. For H. verticillata, apical shoots 20 cm length 
were separated from the mother plant, weighed to determine initial fresh weight, and washed with distilled water 
before use. Whole V. natans plants of approximately the same size were selected, weighed, and washed before use.
2.2. Experimental set-up 
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Nine uniform glass tanks with same dimensions (50 cm L × 30 cm W × 40 cm H ), containing sediments and 
water, were used for the experiments. The sediment sample was obtained from an abandoned rice field in a suburb 
of Guangzhou City. The sediment was air-dried, then sieved through 0.5 mm mesh sieve to remove coarse debris. 
The mixed sediment was homogenized and added to about 10 cm depth in each tank. The tanks were then filled with 
55L experimental lake water. This experimental water was taken from Ming Lake in Guangzhou and was filtered by 
plankton nets (mesh size: 0.064 mm) to remove both zooplankton and phytoplankton. 
Of the nine prepared tanks, three tanks each were used for H. verticillata (MonoH) and V. natans (MonoV) 
monoculture plantings with nine pieces in each tank. The remaining three tanks were used for a mixed H. verticillata 
/ V. natans planting (Mixed H and Mixed V) to assess competitive interactions between the two plant species. The 
glass tanks containing the submersed vegetation were exposed to natural sunlight and the sides of these tanks were 
covered by light-tight material to prevent incident light from entering the experimental system. Analytical grade 
anhydrous NaH2PO4 was prepared in distilled water and added to each tank to give a phosphorus load of 100 µg l-
1week-1  (expressed as P ). Nitrogen in the form of NO3- was also added to each tank to give a nitrogen load of 2 
mg l-1week-1 (expressed as N ). In the event of rain, a plastic greenhouse was brought in to protect the experimental 
equipment. When rain has ceased, the plastic greenhouse was removed to expose the aquatic plants and the 
equipment to full natural sunlight. 
2.3. Experimental set-up 
Samples for water quality analyses were collected weekly from 19 August to 30 September. Water samples, 
500ml each time, were removed from each experimental system with a clean bottle. Then the experimental lake 
water was added to each tank to maintain the water level. 
Water quality samples were analyzed for total phosphorus (TP), total soluble phosphorus (TSP), and soluble 
reactive phosphorus (SRP). TP was determined by a lab procedure that first digested the entire aqueous sample, 
presumably oxidizing all P to a soluble reactive form that produces a signal in a standard P test. SRP was 
determined by the same test on filtered (0.45 µm), but undigested, samples. Analytical methodology for TSP was the 
same as for TP, except that the analysis was performed on filtered samples. SRP was measured immediately after 
sample arrival in the laboratory, while the remaining samples were acidified in the field to a pH < 2 with H2SO4 
and were stored below 4°C for TP and TSP measurement until analysis with standard methods.  
2.4. Plant harvest and dry biomass 
Harvesting took place on 1 October 2007. For the mixed planting tanks, the two plant species were separated. 
The plants were washed over a 1-mm sieve to remove accumulated sediments, debris, and epiphytes. The plants 
were oven-dried to constant weight at 80°C and weighed. 
2.5. Statistical analyses 
Multiple comparisons of means of nutrient concentration were performed using Duncan’s test at the 0.05 
significance level. All other experimental data were analyzed statistically using Statistica Version 7. 
3.  Results  
The phosphorus concentration in the water was low in the mixed planting pattern, compared with either of the 
two monocultures ( Figures.1-3). For TP concentration in water, the average value was 0.12 mg l-1 in the mixture 
and 0.17 mg l-1 and 0.16 mg l-1 in the two monocultures of V. natans and H. verticillata, respectively (Figure 1). 
No significant differences were observed for TSP (Figure 2) or SRP (Figure 3) concentrations in the water between 
mixed and monocultures (p>0.05). The SRP concentrations were particularly low (Figure 3); the SRP: TP ratio was 
only about 3%. 
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TP decreased sharply in the first two weeks in the mixture pattern as compared with the monoculture patterns and 
then stabilized at a low level (Figure 1). On August 26, the TP concentration in water had decreased by about 54% 
compared with the concentration a week before; and a week later, on September 2, the TP concentration again 
sharply decreased compared with the concentration of August 26, by about 44%. After that point, TP concentration 
in water remained below 0.1 mg l-1.  
In contrast, in the monoculture patterns treatments, the TP concentration decreased slowly until the TP 
concentration had reached about 0.1 mg l-1 on September 9, and remained at about 0.1 mg l-1 for the rest of the 
experiment (Figure 1). 
Fig. 1. Water TP concentration in monocultures or mixed culture of H. verticillata and V. natans treatments. 
Fig. 2. Water TSP concentration in monocultures or mixed culture of H. verticillata and V. natans treatments. 
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Fig. 3. Water SRP concentration in monocultures or mixed culture of H. verticillata and V. natans treatments. 
4. Discussion  
Submersed macrophytes have been reported to act as water quality regulators and can significantly improve water 
quality[2]. Submersed plants are involved in a number of nutrient cycling processes in aquatic ecosystems[14] , such 
as nutrient absorption and release, interactions with herbivores, and environmental regulation, among others. Almost 
all of these ecological processes are related to the functioning of aquatic plants, so this may explain why phosphorus 
concentration in the water of all treatments tested here showed decreases with time. 
There is some evidence of competitive interactions having impacts on nutrient cycles in aquatic ecosystems [16, 
17]. Several studies have found that the phosphorus concentration in water is much lower in mixture mesocosms 
than in monocultures[3]. When species interact, the dominant species usually has the greatest effects on ecosystem 
processes, because a competitively superior species typically can deplete resources to lower levels[18].  
In addition to absorption mechanisms, many other mechanisms will affect the water P concentrations. For 
example, Fe is a key factor for phosphorus binding in the sediment[19] and the phosphate concentration in pore 
water may be controlled by the oxidation state of iron and by pH[20]. Oxygen translocation to the roots of plants has 
the effect of oxidizing the immediate sediment environment, which may decrease the phosphorus concentration in 
overlying water[21, 22]. Although some studies have investigated the mechanisms by which plants influence 
ecosystem nutrient dynamics[23,3], the mechanisms are very complicated and are still not very clearly understood in 
aquatic situations[2, 24].  
Competition interactions can have profound effects on aquatic ecosystems, so that competitive interactions of 
submersed plants may result in the displacement of inferior species[25]. For example, when the cattails Typha 
angustifolia and T. latifolia grow together, T. angustifolia is often relegated to deeper habitats [26]. Similarly, H. 
verticillata can compete effectively with Egeria densa, Ceratophyllum demersum, and V. americana[27,28], while 
Myriophyllum spicatum L. can significantly alter the composition of native plant communities[29]. Both H. 
verticillata and M. spicatum are eventually able to displace native plant species and grow as monocultures in many 
lakes[30]. In the present experiment, the total biomass of V. natans was significantly decreased (P<0.05) by
competition with H. verticillata in the mixed-species growth, compared with its biomass accumulation in 
monoculture. In contrast, the total biomass of H. verticillata was slightly increased by competition with V. natans in 
the mixture (P>0.05; Figure 4). H. verticillata was the dominant species in the mixed culture. This indicated that the 
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competitive interactions could have profound effects on aquatic ecosystems and that the phosphorus cycle could 
change when the plants in an ecosystem become monospecific. It may not matter which plant is supplanted by 
competition, from an ecological standpoint, as monocultures of individual species are not advantageous compared to 
more diverse species patterns. 
Fig.4. Total biomass of H. verticillata and V. natans grown as monocultures or in mixed culture.
The competitive interactions of H. verticillata and V. natans clearly could change the phosphorus concentration 
in water, but the nutrient levels also could impact the competitive interaction outcomes. For instance, as the water in 
Lake Veluwemeer in the Netherlands cleared because of decreased nutrient loading, the dominant hydrophyte 
changed from Potamogeton pectinatus to Chara spp.[4]. In mixed cultures at high fertility, H. verticillata was the 
stronger competitor relative to V. americana, whereas under nutrient limiting conditions, the growth and competitive 
advantage of H. verticillata over V. americana were both depressed, and V. americana became the dominant 
species[5].
5. Conclusions 
Competition among submersed plant species is one of the most important factors influencing the structure and 
function of aquatic ecosystems, including nutrient cycling. Competitive interactions between H. verticillata and V. 
natans can decrease the total phosphorus concentration in water, but not TSP and SRP concentration in the overlying 
water. 
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